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Abstract
We estimate contributions of the goldstino supermultiplet to the electric dipole moment (EDM) in the case that the SUSY
breaking scale ΛS is of order the TeV scale. We found that such contributions can saturate the experimental bound if ΛS is
close to the soft mass scale. We also discuss EDM in the gaugino-mediated scenario on the warped geometry as an example of
models with the TeV-scale SUSY breaking.
 2003 Elsevier B.V. Open access under CC BY license.1. Introduction
Supersymmetry (SUSY) is one of the most promis-
ing candidate for the physics beyond the standard
model. It must be, however, broken at low-energy
since no superparticles have been observed yet. Al-
though the SUSY breaking scale ΛS is considered to
be much higher than the weak scale G−1/2F in the con-
ventional scenarios, an experimental lower bound on
it is relatively weak, i.e., ΛS  G−1/2F , which come
from the collider experiments1 [1]. In this Letter, we
will consider a possibility that ΛS is close to its lower
bound, typically the TeV scale. In such a case, we
should take into account not only the fields of the mini-
mal supersymmetric standard model (MSSM), but also
the goldstino supermultiplet as the physical degrees of
freedom in the low-energy effective theory. Couplings
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Open access under CC BY license.between the goldstino supermultiplet and the MSSM
fields are generally suppressed by negative powers of
ΛS [2], and thus they become relevant to the low-
energy phenomena [4–6] when ΛS is close to the soft
SUSY-breaking mass scale m˜.
Among low-energy phenomena, CP violation is
very sensitive to the physics beyond the weak scale.
Due to the appearance of the goldstino supermultiplet,
there are additional sources of CP violation besides
the MSSM ones. Such new CP-violating sources
generally induce sizable contributions to the electric
dipole moments (EDMs) and thus in this Letter,
we will estimate the contributions of the goldstino
supermultiplet to the EDMs.
The Letter is organized as follows. In the next sec-
tion, we will provide notations and an effective theory
used in our discussion. In Section 3, we will calculate
the contributions of the goldstino supermultiplet to the
electron EDM. In Section 4, we will estimate EDM in
the gaugino mediation model with the warped geome-
try which is an example of models with the TeV-scale
SUSY breaking. Section 5 is devoted to the summary.
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We will basically follow the effective theory ap-
proach in Ref. [4]. In general, the goldstino is absorbed
into the gravitino and becomes a longitudinal compo-
nent of the massive gravitino. In the case considered
here, the gravitino mass m3/2 is several orders of mag-
nitude below the eV scale. Therefore, a typical energy
scale is much higher than m3/2 in most of the physical
processes, and the gravitino interactions can be well
approximated by those of the goldstino in the global
SUSY limit, thanks to the supersymmetric equivalence
theorem [8]. So, we will work in the global SUSY
limit in the following.
The relevant fields to our discussion consist of
the following supermultiplets.2 The left-handed lep-
ton doublet L = (l˜, l,F l), the left-handed positron
Ec = (e˜c, ec,F ec ), the goldstino supermultiplet Z =
(z,ψz,F
z), the Higgs doublets Hi = (Hi, h˜i ,FHi )
(i = 1,2), and the gauge supermultiplets V1 = (λ1,
A1µ,D1) and V a2 = (λa2,Aa2µ,Da2 ) (a = 1,2,3) for
U(1)Y and SU(2)W , respectively.
The effective theory is described, up to higher-
derivative terms, by a Kähler potential K , a superpo-
tential w and gauge kinetic functions fi (i = 1,2) as
(1)
L=
∫
d4θ K +
[∫
d2θ w
+
∫
d2θ
1
4
{
f1W21 + f2 tr
(W22 )}+ h.c.
]
,
whereW1α andW2α are superfield strength of V1 and
V2 ≡ V a2 · (σ a/2), respectively. Their general forms
with the above field content are given by3
K = |Z|2 + L¯e2
(− 12 g1V1+g2V a2 · σa2 )L
+ E¯ce2g1V1Ec − αz
4Λ2
|Z|4
− αl
Λ2
|Z|2|L|2 − αec
Λ2
|Z|2|Ec|2
2 We use the notations of Ref. [7] in this Letter.
3 The most general form of the gauge kinetic func-
tion also contains the SU(2)L-triplet term [6]: f (trp)a =
(γ
(trp)
f /Λ
3)EcLσaH1 + · · · . Contributions of such terms to
EDM are similar to those of γf i -terms in fi . Then, in order to
simplify the discussion, we will neglect such terms in the following.−
(
γK
2Λ3
Z¯2LEcH1 + h.c.
)
+ · · · ,
w =−F ∗Z− σ
6
Z3 + yeLEcH1
− ρ
Λ
ZLEcH1 +µH1H2 + · · · ,
(2)fi = 1+ 2ηi
Λ
Z+ γf i
Λ3
LEcH1 + · · · (i = 1,2),
where g1 and g2 are the gauge coupling constants
of U(1)Y and SU(2)L, respectively, and ye is the
Yukawa coupling constant for the electron. Complex
parameters F and µ have a mass-dimension two and
one, respectively, and the other parameters are all
dimensionless. Λ denotes the cut-off scale of the
effective theory and set to be real and positive. The
ellipses denote terms that either do not play any role
in the following discussion or can be eliminated by
analytic field redefinitions.
We will assume that the only Higgs fields have non-
zero VEVs:
(3)〈H 01 〉= v1√2 ,
〈
H 02
〉= v2√
2
.
The other fields do not have any non-zero VEVs.4
Therefore, we can check that
(4)〈FZ〉= F.
Namely, SUSY is broken spontaneously.
Using the SU(2)L × U(1)Y gauge symmetry, we
can set the Higgs VEVs v1, v2 and the Yukawa
coupling ye to be real. Furthermore, we will set the
parameter F to be real and positive by the field
redefinition of Z. As a result, the complex parameters
in the theory are γK , σ , ρ, µ, ηi , and γf i .
Next, let us see how the soft SUSY breaking pa-
rameters are expressed in terms of the above para-
meters. Considering the fact that SUSY is broken by
the F -term of Z, the fermionic component ψz corre-
sponds to the goldstino, and thus is massless.5 Masses
of the scalar partners of the goldstino, the sgoldstino,
4 As a result, the Kähler metric and the gauge kinetic functions
are canonical at the vacuum, so that the component fields are all
canonically normalized.
5 Strictly speaking, ψz is not the goldstino itself. Since
〈
F
H01
〉=
−µ∗v2/
√
2,
〈
F
H02
〉 = −µ∗v1/√2, 〈D1〉 = g1(v21 − v22
)
/4 and〈
D32
〉= −g2(v21 − v22
)
/4 after the electroweak symmetry breaking,
the genuine goldstino G˜ has its components also in the higgsinos
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(5)m2S =
αz
Λ2
F 2 + |σ |F, m2P =
αz
Λ2
F 2 − |σ |F,
where
(6)z≡ e
−iϕ/2
√
2
(S + iP ) (ϕ ≡ arg(σ )).
The gaugino masses are
(7)Mi ≡ ηi
Λ
F,
and the A-parameter Ae is given by
(8)yeAe ≡ ρ
Λ
F.
The selectron mass matrix in the basis (e˜, e˜c∗) is
(9)M2e˜ =
(
m˜2LL +m2e m˜2∗RL
m˜2RL m˜
2
RR +m2e
)
,
where me ≡ yev1/
√
2 is the electron mass, and
m˜2LL ≡
αl
Λ2
F 2, m˜2RR ≡
αec
Λ2
F 2,
(10)m˜2RL ≡me(Ae +µ∗ tanβ)
(
tanβ ≡ v2
v1
)
.
Using these expressions, we can rewrite all the
parameters except γK and γf i in Eq. (2) in terms
of the soft SUSY breaking parameters and the order
parameter of SUSY breaking
√
F .
Then, the independent CP-violating phases that are
relevant to the following discussion are arg(M∗i Ae),
arg(Miµ), arg(M2e−iϕ), arg(MγK) and arg(M∗γf i).
The first two types of the phases are the usual MSSM
ones, but the remaining ones are the new phases
associated with the TeV-scale SUSY breaking.
3. Electron EDM
Now we will estimate EDM of the electron. For
simplicity, we will suppose that the gauge kinetic func-
tions are common, and denote the common gaugino
and gauginos, and thus ψz has a small mass term suppressed by
v1v2/Λ
2
S [6]. However, we will refer to ψz as the ‘goldstino’ in the
following, because 〈FZ〉 is the dominant source of SUSY breaking,
i.e., ΛS 
√
F .Fig. 1. Additional diagrams to MSSM ones which contribute to the
electron EDM. χ˜0 stands for the neutralinos, and λ is the photino.
mass and the coupling constant as M and γf , respec-
tively.
For large tanβ , the conventional MSSM contribu-
tion to de is given by [9]
(11)d
(MSSM)
e
e
 5α Im
(
M∗m˜2RL
)
96π sin2 θW |M|4
,
where α is the fine structure constant and θW is the
Weinberg angle. In this case, m˜2RL meµ∗ tanβ . Here,
we have assumed that |M|  m˜LL  m˜RR  |µ|, for
simplicity. Since we are interested in the goldstino
contributions besides the MSSM contribution, we will
assume that the above d(MSSM)e is negligibly small, i.e.,
the relative phase between M and m˜2RL is tuned to be
small, in the following.
Due to the interactions involving the goldstino
supermultiplet Z, there are additional contributions
besides the usual MSSM ones. The relevant diagrams
to de are essentially the same as those to the anomalous
magnetic moment aµ, which are shown in Fig. 1 of
Ref. [4]. Among them, four types of the diagrams
shown in Fig. 1 can have a non-vanishing CP phases,
and thus can contribute to EDM.
Contributions of (a) and (b) to EDM are suppressed
by m2e compared to the other contributions, and thus
can be neglected.6 The remaining diagrams are loga-
6 Here, we neglect regularization-dependent terms which emerge
from the diagrams (a) and (c) because they are cancelled with each
other [4].
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F,mS/mP )-plane. The parameters are set as |M| =Ae = 1 TeV, arg(MAee−iϕ )= π/2,
and γK = γf = 0. The numbers in the plot show the values of de in units of ecm.rithmically divergent:
d
(c)
e
e
=−me Im(MAee
−iϕ)
16π2F 2
ln
m2S
m2P
(12)− Im(γKM)v1
16
√
2π2Λ3
(
ln
Λ2UV
m2S
+ ln Λ
2
UV
m2P
)
,
and
d
(d)
e
e
=− Im(γfM
∗)v1
32
√
2π2Λ3
(13)
×
{ |M|2 ln(Λ2UV/|M|2)− m˜2LL ln(Λ2UV/m˜2LL)
|M|2 − m˜2LL
+ (m˜2LL ↔ m˜2RR)
}
,
where ΛUV is a cut-off scale. Here, we have neglected
terms suppressed by me, and assumed that the both
sgoldstinos S and P are much heavier than the
electron.
First, we will consider the case that γK and γf are
negligibly small. In this case, the result becomes finite
and can be expressed by the SUSY breaking masses
and the order parameter
√
F . Fig. 2 shows constant
contours of the value of de on the (
√
F , mS/mP )-
plane. From this plot, we can see that the sgoldstino
contribution can saturate the current experimentalbound: |de|< 4.3×10−27 ecm [10], when
√
F is close
to the soft mass scale.
Notice that EDM vanishes when mS = mP . The
reason for this is as follows. We have considered
the case of γK,γf  1, and thus the only CP phase
besides the MSSM ones is ϕ, the phase of the
parameter σ in the superpotential. The degeneracy of
the two sgoldstinos means that σ = 0 (see Eq. (5)).
Therefore, when two sgoldstinos are degenerate, there
exists no CP-violating sources contributing to the
electron EDM at one-loop level.
So far, we have assumed that γK and γf are sup-
pressed by some mechanism. If they are of order one,
the resultant EDM value far exceeds its experimental
upper bound. Then, to make the discussion complete,
we will investigate the constraints on γK and γf from
the experimental bound on de. Here, we will assume
that all soft SUSY breaking masses are equal, for sim-
plicity. Then, the expression of de can be simplified
as
de
e
− Im(γKM)v1
4
√
2π2Λ3
ln
Λ
m˜
(14)− Im(γ
∗
fM)v1
8
√
2π2Λ3
(
ln
Λ
m˜
− 1
2
)
,
where m˜ ≡ mS = mP = |M| = m˜LL = m˜RR. Since
the momentum cut-off scale ΛUV is thought to be
the same order as the scale parameter Λ that controls
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The numbers in the plot show the values of de in units of ecm.the higher-order terms in the effective Lagrangian, we
have identified these two scales, i.e., ΛUV =Λ.
Fig. 3 shows the value of |de| on the (Λ, |γK |)-
plane calculated by Eq. (14) with γf = 0. We have
set the parameters as m˜ = 1 TeV and tanβ = 10,
and the CP phase is assumed to be unsuppressed,
i.e., arg(γKM)= π/4. From the current experimental
bound on |de|, the dimensionless parameter γK must
be suppressed at least by four to five orders of the
magnitude when the cut-off scale Λ is in the range of
4–10 TeV, for example. For the smaller values of tanβ ,
the constraint on γK becomes severer. This constraint
on γK can be realized if we introduce an approximate
chiral symmetry that is broken explicitly by the order
of the lepton masses [4]. In such a case, the flavor
structure of γK is inferred as mµ(γK)e  me(γK)µ.
Then, we can relate de to the anomalous magnetic
moment of the muon aµ. That is,
(15)anonSMµ ≡ aµ − aSMµ 
2m2µ
me tanφK
de
e
,
where aSMµ is the standard model contribution to aµ,
φK ≡ arg(γKM) is the CP phase, which is set to be
π/4 now. Using this relation, the contour of 10−27 ecm
in Fig. 3 corresponds to that of 2× 10−12 for anonSMµ .
Therefore, we can see that the constraint on γK fromthe experimental bound for anonSMµ is weaker than that
for de by about three orders of magnitude.7
Similarly, the constraint on γf can be obtained by
setting γK = 0 in Eq. (14). The required suppression
of γf is roughly the same order as that of γK .8
Although the naturalness considerations suggest
that the sgoldstino masses are favored to be the same
order as the slepton mass scale [11], the possibility of
the light sgoldstinos is not excluded if some dynamical
mechanism that protects their small masses works. For
instance, in the case that the sgoldstinos are interpreted
as the (pseudo-) Nambu–Goldstone bosons for some
(approximate) global symmetries, their small masses
are protected against the quantum corrections. In such
a case, i.e., m2S,m
2
P m2e , the sgoldstino contribution
to EDM becomes
(16)d
(c)
e
e
=−me Im(M
∗Ae)
16π2F 2
.
Note that this is proportional to the factor Im(M∗Ae)
that is common to the conventional MSSM contribu-
tion. So if there is some mechanism that suppresses
7 We have used δaµ ≡ aexpµ − aSMµ < O(10−9) as a bound on
anonSMµ [12].
8 Of course, these constraints become weaker if an accidental
cancellation between two terms in Eq. (14) occurs.
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bution also receives the same suppression.
It is straightforward to extend the discussion to the
neutron and the mercury EDMs. We can see that the
situations become similar to that of the electron EDM.
4. EDM in the warped Gaugino mediation
scenario
In this section, we will consider the gaugino medi-
ation model with the warped geometry [13] as an ex-
ample of models with the TeV-scale SUSY breaking,
and provide a rough estimation of the electron EDM.
The background metric is
(17)ds2 = e−2k|y|ηµν dxµ dxν + dy2,
where 1/k is the AdS curvature radius, and xµ
(µ = 0,1,2,3) and y are the coordinates of our four
dimensions and the fifth dimension, respectively.
The effective mass scale on the boundary at y = 0
is the Planck mass MP, while that on the boundary
at y = πR is MPe−πkR , which will be associated
with the TeV scale provided kR  12. So we will
refer to the boundaries at y = 0 and y = πR as
the Planck brane and the TeV brane, respectively.
SUSY is supposed to be broken on the TeV brane,
so that the order parameter of SUSY breaking ΛS
is O(TeV). We have assumed that the quark, the
lepton and the Higgs supermultiplets are localized on
the Planck brane and the gauge supermultiplets live
in the bulk. Therefore, the SUSY breaking effects
are mediated by the gauge interactions. Namely, the
gaugino masses are generated at tree-level, while the
sfermion masses and the A-parameters are induced
at one-loop level. As a result, the CP phases of the
A-parameters are automatically aligned with those of
the gauginos. So, the MSSM contributions to EDM
are automatically suppressed in this model. On the
other hand, as discussed in the previous section, the
goldstino supermultiplet Z might provide a significant
contributions to EDM because ΛS = O(TeV) in this
model. However, due to the separation along the fifth
dimension, there are no direct couplings between Z
and the matter fields. So, possible one-loop diagrams
are only those of type (d) in Fig. 1. Contribution
from them is, however, negligible due to the large
suppression by MP because the fundamental scaleFig. 4. The diagram that provides the dominant contribution to de in
the large tanβ case in the warped gaugino mediation scenario.
at y = 0 is MP. Therefore, there are no sizable
contributions to EDM at one-loop level.
The leading contributions to EDM come from
the two-loop diagrams. For example, in the large
tanβ case, the diagram shown in Fig. 4 provides the
dominant contribution to de.
Since the gauge supermultiplets propagate in the
bulk, there are an infinite number of the Kaluza–
Klein (KK) modes in the four-dimensional perspec-
tive. However, such KK modes do not provide siz-
able contributions because their couplings to the mat-
ter fields, which are localized on the Planck brane are
highly suppressed [13]. So, only the zero-modes con-
tribute to the estimation of de.
In this model, m˜2RL meµ∗ tanβ since the A-para-
meter Ae is suppressed by the loop factor. Therefore,
the electron EDM is roughly estimated as
|de|
e
 α
(4π)3 cos2 θW F 2
∣∣Im(Mm˜2RLe−iϕ)∣∣
(18) αme|µ| tanβ
(4π)3 cos2 θW |M|F 2
∣∣Im(M2e−iϕ)∣∣.
Here, we have assumed that |M|2 ∼ |σF | = |m2S −
m2P |/2, and that the conventional MSSM CP phase
arg(M∗m˜2RL) is suppressed by some mechanism. For
example, in the case that |M| ∼ |µ| ∼ √F ∼ 1 TeV
and the CP phase is maximal, the estimated value of
de is
(19)|de| ∼ 10−28 tanβ (ecm).
Hence, the predicted value of de can be close to
its experimental bound in this model if the SUSY
breaking scale ΛS 
√
F is close to the gaugino
masses and tanβ takes a value of O(10).
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In a class of models where SUSY is spontaneously
broken at the TeV scale, interactions with the gold-
stino supermultiplet becomes relevant to low-energy
observables. In this Letter, we have investigated con-
tributions of the goldstino supermultiplet to the elec-
tron EDM de, which is one of the most sensitive ob-
servables for high-energy physics beyond the standard
model. We found that the goldstino interactions in-
duce sizable contributions to de, and they can saturate
the experimental upper bound on de even if the con-
ventional MSSM contributions are suppressed when
the SUSY breaking scale ΛS is close to the soft mass
scale.
Concerning the relevant terms to de at one-loop
level, most of the parameters in the effective theory
can be expressed in terms of the soft SUSY breaking
parameters and ΛS. Only two parameters γK and
γf are left as free parameters. However, these two
parameters must be suppressed by the factor 10−5–
10−4 due to the requirement that the predicted value
of de does not exceed the current experimental bound.
Such suppression can be realized, for example, by
introducing a chiral symmetry that is explicitly broken
by the order of the lepton masses.
One of the specific example of models with the
TeV-scale SUSY breaking is the gaugino mediation
scenario on the warped geometry. We have estimated
the value of de in such a model. Since there are no
contributions to de at one-loop level in this model, the
dominant contributions are induced at two-loop level.
Although they are suppressed by the loop factor, the
value of de can be close to the experimental bound
especially in the large tanβ case.
Another possibility of the TeV-scale SUSY break-
ing is the existence of the strong coupling dynam-
ics just above the TeV scale [14,15]. Among such
a class of models, a certain type of models can be
interpreted as a dual theory of the above mentioned
sequestered SUSY-breaking model with the warped
geometry [15], from the viewpoint of the AdS/CFT
correspondence [16]. Furthermore, there is an inter-
esting model that solves the strong CP problem in the
context of the strong coupling dynamics [17]. Apply-
ing our discussion to such a model is an intriguing sub-
ject.The search of flavor changing processes also pro-
vide valuable information on high-energy physics be-
yond the weak scale. In fact, the goldstino interactions
contribute such processes, and their contributions can
be sizable when ΛS is close to the soft mass scale
[5]. In Ref. [5], they focused the contributions to the
flavor changing processes which depend on the inter-
actions related to the mass spectra. In this case, the
sources of flavor violation of the goldstino interactions
are common to those of MSSM sector. Then, if there
is some mechanism that suppresses the MSSM contri-
butions to the flavor violation, the goldstino contribu-
tions also receive the same suppression. On the other
hand, there is an additional CP source to the MSSM
ones in the goldstino sector even in the absence of
γ -terms. Thus, the goldstino contributions can satu-
rate the experimental bound regardless of suppression
mechanisms of the MSSM ones.
The γK or γf term may also become the source
of flavor violation. Then the goldstino contributions
to the flavor-violating processes become large as in
the case of CP violation. However, if the chiral sup-
pression is assumed to suppress the contribution to
the EDM, the constraints from the flavor chang-
ing processes are relaxed simultaneously. Moreover,
though the effective Lagrangian (2) is the most gen-
eral one in the context of the particle content given in
this Letter, there might be possible to introduce addi-
tional particles and interactions which contribute to the
flavor changing processes. Those terms generally also
become new sources of CP violation like the EDMs.
Thus CP violation is one of the most useful phenom-
ena to detect a signal of the TeV-scale SUSY breaking.
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